Abstract: The first synthesis of pure Rh 1Àx Cu x solid-solution nanoparticles is reported. In contrastt ot he bulk state, the solid-solution phase was stable up to 750 8C. Based on facile density-functional calculations, we made ap rediction that the catalytic activity of Rh 1Àx Cu x can be maintainede ven with 50 at %r eplacement of Rh with Cu. The prediction was confirmedf or the catalytic activities on CO and NO x conversions.
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The design of intermetallic materials had long been limited by the immiscibility of the component metals. The advent of nonequilibriums ynthetic methods has openedu pt he fertile field of alloy nanoparticles (NPs) by providing an easy methodf or production of alloy NPs on al arge scale. [1] The explosion of the variety of possible alloy NPs poses another kind of difficulty in that it is unrealistic to experimentally examine every combination of metals. We have been using density-functional theory (DFT) calculations as the primary screening tool for possible candidates, by estimating target properties and relative stability of the alloy phase. Herein, we report the electronic-structure calculations, synthesis, and activities as three-way catalysts (TWCs) of NPs of Rh-Cu solid solutions. In agreement with the DFT calculation, the catalytic activities for the CO and nitrogen oxides( NO x )c onversion reactions were maintained even with the 50 at% replacement of Rh with Cu.
The Rh-Cu alloy has been extensively investigated, [2] either as surface alloys on substrates [3] or as in situ synthesised particles supported on oxides.
[4] However,b ecause of their intrinsic immiscibility at temperatures below 11008C [5, 6] and the susceptibility of Cu for oxidation, the synthesis and isolation of Rh-Cu NPs pose as erious challenge. As ar esult,t here have been few reports on pure Rh 1Àx Cu x NPs to date.
Catalysts for NO x reduction are one of crucial materials for the protection of the environment. Nitrogeno xidesc auses erious atmospheric pollution,r esulting in acid rain, ozone depletion, and respiratory disorders. Thus, TWCs are widely used to reduce the emissions of this noxious pollutant. [7, 8] One of the major sourceso fN O x emissions is automobiles,w here the TWC is used to convert the NO x ,C Oa nd hydrocarbons (HCs) in the exhaust into CO 2 and N 2 .
[9] Rhodium has been utilised as an indispensable component in the TWC. [8] As Rh is ar are and precious element, much effort has been dedicated to reducing its usage in the TWC and/ore nhancing the catalytic activity.O n the other hand, copper is one of the candidate dilutinge lementsf or aT WC because of its abundance and catalytic activity for CO [10] and HC [11] oxidation. It is well-knownt hat the catalytic activity of am aterial strongly depends on the magnitude of the density of states at the Fermi level (DOS(E F )) [12] and the position of the weighted centre of filled db and, namely,t he d-band centre. [13] To obtain rough estimates of the catalytic activities and stabilities of RhCu alloy NPs, we performed theoretical calculations. The band structures for Rh 1Àx Cu x were calculated on periodic models with a2 2 2s upercell. The calculations reproduced the relative stability of the alloy phase [6] and the x-dependence of the lattice constant [14] fairly well( SupportingI nformation, Figures S1, S2 ). According to the cubic symmetry,t he 32 sites were classified into 6g roups of equivalent positions (Supporting Information, Ta ble S1). Figure 1 ( see the Supporting Information, Figure S3 for more details) showst he partial density of states (PDOS) and the DOS of Rh 1Àx Cu x .A ss hown in Figure 1 , the DOS(E F )o fR h 1Àx Cu x is mainly composed of the PDOS(E F )o f Rh in the Rh-rich region.W ith increasing Cu content (x ! 0.75), the contribution of the PDOS(E F )o fC ui ncreases, resulting in ad ecrease of the total DOS(E F ).
It should be noted that in Figure 1 , an arrow band was formed in the Cu-rich region,t hat is, 0.75 x 0.94, at 0.7 eV below E F .T herefore, the DOS(E F )f or the Cu-rich Rh 1Àx Cu x NPs would be greatly enhanced by lowering E F (for example, the DOS for x = 0.81 is shown in the SupportingI nformation, Figure S4) . If the catalytic activity actually scales with the DOS(E F ), it is proposed that Rh 0.19 Cu 0.81 NPs on an electron-withdrawing support would show comparable catalytic activity to thato fR h NPs. In other words, the Rh content in TWCs mightb er educed by 80 %. Our results suggest that the DOS of 3d-4d systems can be controlled not only by the superposition of the bands but also by the formation of new bands.
From the band structures given in the Supporting Information, Figure S3 , the DOS(E F )a nd d-bandc entre of Rh 1Àx Cu x were calculated (Figure 2 ). The constraint of the site distribution allows several modelsf or the same composition, that is, the DOS(E F )o f4models are plottedf or x = 0.5. Thes cattering of the calculated DOS(E F )i ndicates the sensitivity of the DOS to the local structures.
It should be noted that the DOS(E F )a nd the position of the d-band centre show almost the same x-dependence. Since both of the parameters for x = 0.5 are comparable to those for x = 0.0, we can expect similarc atalytic activities of Rh 0.5 Cu 0.5 alloy NPs as those of the pure Rh NPs.
Based on the prediction of DFT calculations, we synthesised Rh 1Àx Cu x alloy NPs with 0 < x < 0.81. The Rh 1Àx Cu x alloy NPs were synthesised by am odified polyol reduction method, in which the reducing ability of ethylene glycol is enhanced by the addition of strong base. As an example, the synthetic procedure for x = 0.50 is described in detail below.A nhydrous rhodium(III)a cetate (Mitsuwa Chemicals, 148.6 mg (0.531 mmol)) and anhydrous copper(II) chloride (Nacalai Tesque, 75.9 mg, 0.565 mmol),p oly(N-vinyl-2-pyrrolidone) (Wako Pure Chemical Industries, 137.8 mg), and potassium tert-butoxide (Tokyo Chemical Industry,4 12.2 mg (3.67 mmol)) were dissolved in 20 mL of anhydrous ethylene glycol (Sigma-Aldrich) to form ad ark-green solution.T he atomic ratio of Cu to Rh was 1.06. The solution was added dropwise to 200 mL of triethylene glycol( To kyo ChemicalI ndustry) at 218-221 8Cw ith magnetic stirring. The colour of the reaction mixture immediatelyt urned dark brown. After cooling to room temperature, the NPs were centrifuged and successively washed with acetone, ultrapure water,e thanol, and diethyl ether and subsequentlyd ried. The atom ratio of Rh and Cu for the NPs was determined to be 0.50:0.50 using energy-dispersive X-ray spectroscopy (EDS). The atomicr atio of the metal precursorsc ontrolled the Cu content in the Rh 1Àx Cu x alloy NPs ( Supporting Information, Figure S5) . Reactions withouts trong base or at lower temperatures inevitably resulted in phase-separated NPs of Rh and Cu, especially for large x.T his tendency indicates that the simultaneous reduction of the Rh and Cu precursorsh as ak ey role in producing the solid-solution NPs.
The obtainedR h 1Àx Cu x alloy NPs were characterised by the transmission electron microscopy (TEM) and powder X-ray diffraction( PXRD) measurements. TEM images (Figure 3) show that the alloy NPs were monodispersed and spherical. The mean diameters of the alloy NPs were estimated to be 1.6, 1.7, 1.9, 3.2, and4 .0 nm for x = 0.0, 0.17, 0.50, 0.69, and 0.81, respectively ( Supporting Information, FigureS6) , and the diameters slightly increased with increasing Cu content.
The PXRD patterns for x = 0.17-0.81 are shown in Figure S11) , similar to the case of the bulk alloys. [6, 14] It should also be noted that the Cu-rich sample (x = 0.81) did not contain any crystalline impurities, such as Cu 2 O. As Cu is easily oxidised, the synthesis of pure, Cu-richR h 1Àx Cu x NPs is still challenging. In fact, ap revious study reported that Rh-Cu alloy NPsw ith 60 at% of Cu included Cu 2 O. [15] Our method provides an effective synthetic route not only for solid-solution alloy NPs of elements that are immiscible in the bulk state but also for alloys composed of an easily oxidised element.
To investigate the structureo ft he alloys in detail,w ep erformed high-angle annular dark-field scanning TEM( HAADF-STEM) imaging (Figure 5a )a nd elemental mapping with EDS. The EDS mappings of Cu, Rh, andt heir superposition (Figures 5b-d) indicated that Rh and Cu were atomically mixed in the NPs without clear phase separation. In contrast, it is wellknown that in the bulk Rh-Cu system, Rh and Cu are immiscible below 1100 8C. [5, 6] Interestingly,t he alloy structure of Rh 0.5 Cu 0.5 was stable up to 750 8C( Supporting Information, Figure S12) , which is presumably due to the nanosize effect. Increasing the Cu content in the alloy NPsr educed the catalytic activities.I ts hould be noted that the T 50 valueso ft he Rh 0.50 Cu 0.50 NPs were almost the same as those of pure Rh NPs (218 and 219 8Cf or CO and NO x ,r espectively). These results confirmed the predictions of DFT calculations that the activities for the CO and NO x conversions can be maintained even when 50 at %o ft he rare and expensive Rh is replaced by the abundant Cu. It should also be noted that the diameter of the Rh 0.50 Cu 0.50 NPs (1.9 nm) is slightly larger than that of the Rh NPs (1.6 nm). Assuming that the surface-atom ratio is inversely proportional to the diameter,t he measured catalytic activity of the Rh 0.50 Cu 0.50 NPs may be reduced by the large particles ize. The size dependence of catalytic activitieso fR h 1Àx Cu x are currently under investigation.T he persistent catalytic activities of the Rh-Cu alloy NPs also indicate that the alloy NPs form not phase-separated structure but solid-solution one, because, in the former case, the catalytic activity would decrease linearly with increasing x.O nt he other hand, the T 50 values for HC conversion (Supporting Information, Figure S14 ) weres ubstantially higher than those for CO and NO x ,w hich is probablyd ue to ad ifferent reactionm echanism for HC conversion than for the CO and NO x conversions.
In conclusion, we synthesised Rh 1Àx Cu x nanoparticles, where Rh and Cu are mixed at the atomicl evel overawide composition range (x = 0.17-0.81), for the first time. In contrast to the bulk state, the alloy phase of the nanoparticles was stable up to 750 8C. The catalytic activities for CO and NO x conversions were maintained even with 50 at %r eplacement of Rh with Cu, in agreement with the calculated DOS(E F )a nd d-band centre values.
